Background: Increased dietary intake of antioxidants has been associated with higher lung function, but few studies have used biological markers of antioxidant intake. Objective: This study aimed to determine if antioxidant status, as measured by blood levels, influences lung function. Design: Using a random subsample of 479 participants, aged 18-65 y old, from a larger cross-sectional observational study, the association of forced expiratory volume in 1 s (FEV 1 ) with plasma copper, vitamin C, vitamin E and serum selenium was assessed. Results: An s.d. increase in blood copper level was associated with a difference in FEV 1 of À48 ml (95% confidence intervals: À95, À2 ml, P ¼ 0.04), vitamin C þ 49 ml ( þ 4, þ 94, P ¼ 0.03), vitamin E À15 ml (À62, þ 32, P ¼ 0.53) and selenium þ 52 ml ( þ 7, þ 96, P ¼ 0.02). The sizes of association were not appreciably altered in a mutually adjusted model. Conclusions: Higher levels of serum vitamin C and selenium appear to be associated with higher FEV 1 . The association between higher serum copper and lower FEV 1 requires further study in view of the ubiquitous exposure to this mineral. Sponsorship: National Asthma Campaign and British Lung Foundation.
Background
Smoking is the strongest known cause of chronic obstructive pulmonary disease (COPD) (Fletcher et al, 1976) , but other environmental aetiological factors are also important. In particular, there is epidemiological evidence that a low dietary intake of nutrients that contribute to antioxidant defences increases susceptibility to impaired lung function with no threshold effect, but this evidence relates predominantly to nutrients such as vitamins C (Schwartz & Weiss, 1994; Britton et al, 1995; Grievink et al, 1998; Hu et al, 1998; Chen et al, 2001; Gilliland et al, 2003) and E (Dow et al, 1996; Butland et al, 2000) that can be measured in population studies using self-reported Food Frequency Questionnaires (FFQs). Few studies have looked at the effect of lung function using biological markers of these vitamins, and very little is known of the effects of other antioxidant cofactors that cannot be estimated reliably by FFQ methods, such as selenium and copper (Hunter, 1990) .
Selenium contributes to antioxidant defences as an essential coenzyme in glutathione peroxidase, and hence a low intake of selenium may increase susceptibility to COPD (Repine et al, 1997) . Copper is also involved in antioxidant defences both extracellularly, when bound as ceruloplasmin (Al-Timimi & Dormandy, 1977; Goldstein et al, 1979; Gutteridge et al, 1980; A.D., Taylor & Oey, 1982) , and intracellularly as a coenzyme for superoxide dismutase (Fridovich, 1978; Forsberg et al, 2001) . Copper is also necessary in the diet to prevent inflammation (Denko, 1979) and emphysema in animal models (O'Dell et al, 1978) , as well as reducing the adverse effects of maternal nicotine exposure on lung development in rats (Maritz & Windvogel, 2003) , and so may also have a protective effect against COPD. Previous epidemiological studies have provided evidence supporting a protective effect of selenium on lung function (Hu & Cassano, 2000) , but data on copper are much more limited (Sparrow et al, 1982) . We have investigated the relation between serum copper, selenium, vitamin C and E with lung function in a randomly selected crosssectional population of adults from the United Kingdom.
Participants and methods

Subjects
Data for the study were taken from participants in a crosssectional survey of diet and lung disease that has been described previously (Britton et al, 1994b (Britton et al, , 1995 . Briefly, participants were identified by systematic sampling from the electoral register of a Local Authority Area in Nottingham, and those aged 18-70 y on 1st January 1991 were invited to attend a local General Practice surgery or health centre for a questionnaire assessment and lung function tests. All participants were asked to provide a venous blood sample, and samples were sent for nutrient level analysis in a systematic subsample of one in every five participants. Ethical approval was obtained from the Nottingham City Hospital Ethics Committee.
Data collection
Participants were asked to abstain from inhaled bronchodilators from 4 h, and for oral bronchodilators or antihistamines for 8 h before their appointment. Subjects using long-acting antihistamines were asked to return for assessment 48 h after their last dose. On attending for the study, subjects were interviewed by a doctor who explained the study and obtained written consent. Subjects completed a computer-administered smoking questionnaire. Forced expiratory volume in 1 s (FEV 1 ) was then measured using a dry bellows spirometer (Vitalograph, Buckingham, UK), taking the best of three technically satisfactory manoeuvres with the subject seated. After venesection, plasma and serum samples were separated by centrifugation, typically within 15 min, and stored at À801 centigrade. These samples were subsequently defrosted and vitamin C, vitamin E and copper levels measured in plasma, and selenium in serum. Copper (Varley et al, 1980) and selenium (Burtis & Ashwood, 1986) were assayed using atomic absorption spectroscopy, vitamin E using high-pressure liquid chromatography with UV detection (Bieri et al, 1979) , and vitamin C by a spectrophotometric assay (Burtis & Ashwood, 1986) .
Statistical methods
Smoking status was defined in three categories: current smoker (those who had smoked within 1 month of the study), ex-smoker (those who had ever smoked as much as one cigarette per day for a year) and never smoker. Pack-years smoking exposure was estimated for subjects from their reported age at starting smoking, and the usual amount smoked during the period of time when they were smoking.
Initially, we categorised the plasma and serum nutrient levels into quintiles and fitted the effect as a categorical variable on FEV 1 in a multiple linear regression with adjustment for age, sex, height, smoking status and packyears smoked as a priori confounders. Linearity of nutrient effects was tested using the likelihood ratio test, and if linear, we then fitted the effect of the plasma antioxidant as a continuous variable. For comparability with other published studies, we estimated change in FEV 1 per s.d. change for each antioxidant level. We looked for other potential confounding factors by adding age squared, age-height interaction and body mass index in a step-wise manner to this model. In a final model, we determined the independence of the effects of each antioxidant by including all those plasma or serum antioxidants found to have significant effects in the initial analysis. Main effects were tested at the 5 per cent level of significance, and interactions with smoking status and sex were assessed using a 10 per cent level of significance. The analyses were carried out using SPSS-PC version 10.0 (SPSS, Chicago, IL, USA) and STATA version seven (Stata Corporation, College Station, TX, USA).
Results
A total of 2633 participants responded and provided complete dietary and lung function data in the original survey, representing between 48 and 59 per cent of those potentially eligible (Britton et al, 1995) . Of 528 individuals in the systematic subsample, venous blood was provided by and successfully analysed for plasma vitamin C, vitamin E and copper in 479 (91 per cent), and for serum selenium in 472 (89 per cent) participants. These were generally representative of those sampled for blood analysis, and of the total study population, in terms of gender, age, smoking history and lung function ( Table 1) .
Inclusion of blood nutrient levels individually into a regression model with adjustment for gender, age, height, smoking status and pack-years smoked revealed statistically significant positive associations between FEV 1 and both plasma vitamin C and serum selenium, and an inverse association with plasma copper. None of these associations deviated significantly from linearity (LRT for vitamin C P ¼ 0.12, selenium P ¼ 0.75, copper P ¼ 0.66, see Figure 1 for graphical representation in quintiles), so the regression coefficients were estimated as continuous variables (Table 2) . There was no association between FEV 1 and vitamin E ( Figure 1 , Table 2 ). The effects on FEV 1 of 1 s.d. increase in plasma vitamin C was þ 49 ml (95 per cent confidence interval: þ 4, þ 94), serum selenium þ 52 ml (95 per cent confidence interval: þ 7, þ 96) and plasma copper À48 ml (95 per cent confidence interval: À95, À2). Adjustment for age squared, age-height interaction and body mass index did not alter these effects. There was a borderline significant interaction (P ¼ 0.08) between the effect of plasma vitamin C and gender, the effect of a per s.d. increase in plasma vitamin C in males on FEV 1 being þ 86 ml (95 per cent confidence interval: þ 11, þ 161) and in females þ 13 ml (95 per cent confidence interval: À34, þ 62). Similarly, a statistically significant interaction was observed between plasma copper and gender (Po0.001), the effect of a per s.d. increase in plasma copper in males on FEV 1 being À139 ml (95 per cent confidence interval: À213, À67) and in females þ 25 ml (95 per cent confidence interval: À22, þ 72). There were no statistically significant interactions between the effects of any of the plasma measures and current smoking status.
After mutual adjustment for all four nutrient levels, the effect of vitamin C remained independently significant (Table 2 ), but the size of the effect of plasma copper and serum selenium were only slightly reduced and of borderline statistical significance (both P ¼ 0.07). There was no effect of vitamin E either before or after adjustment for other plasma antioxidant effects.
Discussion
This study has demonstrated a positive association between FEV 1 and plasma vitamin C and serum selenium levels, and a strong negative association with plasma copper. The strongest independent effect was of plasma vitamin C. There was no evidence of an association between FEV 1 and plasma Lung function and blood levels in the general population P Pearson et al vitamin E. Our analyses are based on a representative subsample of a larger group of participants in a crosssectional study of the relation between diet and lung disease that has previously been described in detail (Britton et al, 1994a (Britton et al, , b, 1995 Fogarty et al, 2000) . Blood samples were analysed in this subsample to provide objective validation of effects established in the analysis of FFQ data for two antioxidant vitamins (C and E), and two mineral cofactors (selenium and copper) defined a priori to be of primary interest in the original study protocol. While we are unable to exclude the possibility of confounding by lifestyle factors (Lawlor et al, 2004) , these observations warrant detailed consideration.
Vitamin C
We have previously reported that FFQ estimates of intake of vitamin C were directly related to FEV 1 in this population (Britton et al, 1995) . An association between plasma vitamin C and lung function has also been demonstrated in several other studies (Ness et al, 1996; Hu & Cassano, 2000; Schunemann et al, 2001; Kelly et al, 2003) and is consistent with the hypothesis that increased antioxidant status protects the lungs against loss of lung function. The protective effect of plasma vitamin C on lung function of 49 ml per s.d. increase, equated to the equivalent of between 1 to 2 y of ageing (Fletcher et al, 1976) , is also consistent with the existing literature, which demonstrates a range of 28-78 ml increase in FEV 1 per s.d. increase in plasma vitamin C (Ness et al, 1996; Hu & Cassano, 2000; Schunemann et al, 2001; Kelly et al, 2003) . In the three studies where comparable data of the absolute effect of a change in plasma/serum vitamin C on the association with FEV 1 is available, the size of effect in our study of 69 ml per mg/dl vitamin C was comparable to that reported by Hu et al from the USA (41.5 ml per mg/dl vitamin C), but less than data from Kelly et al, collected in Scotland (154 ml per mg/dl plasma vitamin C). The absence of evidence of effect modification by smoking status was also consistent with previous similar studies (Ness et al, 1996; Hu & Cassano, 2000; Schunemann et al, 2001) , although the study was too underpowered to detect a difference between smokers and nonsmokers.
Vitamin E
The negative finding in relation to vitamin E also corroborates our analysis of data on vitamin E intake in this population (Britton et al, 1995) , although the validity of the conclusions based on the analyses of the plasma vitamin E levels is questioned by the fact that we were unable to obtain fasting samples, and do not have estimates of serum cholesterol or triglycerides to adjust for confounding by these variables (Hunter, 1990; Traber & Jialal, 2000) . Some (Hu & Cassano, 2000; Schunemann et al, 2001) but not all (Grievink et al, 1999; Grievink et al, 2000) studies have described positive associations between serum vitamin E and lung function, but those that did demonstrate an effect used either fasting samples (Schunemann et al, 2001) or adjusted for serum triglycerides and total cholesterol in their analysis (Hu & Cassano, 2000) ; and so we are unable to exclude the possibility that our nonfasting samples were insufficient to detect an effect. In addition, the coefficient of variation for the vitamin E assay is approximately 13%, which would again reduce the likelihood of detecting true associations with FEV 1 .
Selenium
The measures of selenium (and copper) in the present study were made because questionnaire estimates of these antioxidant cofactors, which may protect the lungs by contributing to host antioxidant defences, are known to be unreliable and the effects of these nutrients have therefore been less widely explored. For selenium, the unreliability of intake estimates arises because the selenium content of foods is so strongly determined by the local content of soil, and the country of origin of foods is not practically measurable by FFQ (Hunter, 1990 ). Since our study was carried out, one report has drawn attention to an association between selenium level and lung function in the NHANES III data set (Hu & Cassano, 2000) , and our estimate that a 1 s.d. difference in serum selenium was associated with a 52 ml increase in FEV 1 is consistent with the estimate of a 24 ml increase in FEV 1 from this previous study (Hu & Cassano, 2000) , which lies within the 95 per cent confidence intervals of our estimate, and once the difference in the s.d.'s is taken into consideration, the absolute size of effect per unit change in serum selenium is also of a comparable magnitude.
Copper
FFQs do not measure copper intake reliably because an important proportion of copper intake originates from copper pipes in the water supply, and therefore cannot be estimated by questionnaire. There is no gold standard to assess copper levels in the body, and we used plasma copper as this was the best locally available assay. In particular, it is unclear how well plasma copper measures copper in the lungs, although the rich pulmonary vascular circulation suggests that the former may influence the latter. To date, there have been no published studies of the relation between plasma copper and lung function, making this the first report to describe this relation. Our original hypothesis was that there would be a protective association between copper level and lung function, but, in the event, the relation was the opposite. The magnitude of this effect was also appreciable and comparable to that of vitamin C, and our subgroup analysis suggests that this effect was seen predominantly in men due to the presence of a statistically significant interaction. Our findings are consistent, however, with those of the Second National Health and Nutrition Survey, which demonstrated an increase of approximately 50 per cent risk in symptoms of both bronchitis and wheeze for 2 s.d. increase in serum copper (Schwartz & Weiss, 1990 ). Although we investigated plasma copper because of its contribution to antioxidant activity via its contribution to the serum antioxidant caeruloplasmin (Al-Timimi & Dormandy, 1977; Goldstein et al, 1979; Gutteridge et al, 1980; Taylor & Oey, 1982) and as a coenzyme for super-oxide dismutase (Fridovich, 1978; Forsberg et al, 2001) , paradoxically, one possible explanation for our unanticipated observation is the pro-oxidant activity of copper. Although 95 per cent of plasma copper is incorporated into ceruloplasmin, copper has the potential to have a pro-oxidative effect in vivo by catalysing hydroxyl radical formation (Halliwell & Gutteridge, 1984) , accelerating auto-oxidation reactions and lipid peroxidation (Halliwell, 1996) , and promoting the pro-oxidative activity of vitamin C (Halliwell, 1996) . These effects may account for the fact that in animal models, exposure of the lungs to copper elicits a potent proinflammatory response (Rice et al, 2001) , and that the neutrophilic inflammation induced by exposure to particulate air pollution appears to be attributable to the exposure to the copper in pollution particles (Kennedy et al, 1998) , this latter effect being exacerbated by ceruloplasmin (Kennedy et al, 1998) . Overall, these observations would suggest that higher levels of copper in the blood are likely to contribute to the neutrophilic inflammation involved in the pathogenesis of COPD in humans (Barnes, 2000) , rather than result from it (Boosalis et al, 1996) . Alternatively, as high levels of serum copper have also been reported in asthma (Malvy et al, 1993; Kadrabova et al, 1996; Vural et al, 2000) , in light of the studies cited above (Boosalis et al, 1996; Kennedy et al, 1998; Rice et al, 2001) , it is also possible that increased plasma copper contributes to the accelerated decline in lung function observed in those with asthma (Lange et al, 1998) .
Thus, our study provides new evidence suggesting that high serum levels of copper are associated with an adverse effect on respiratory health. Owing to the cross-sectional nature of the study, we are unable to exclude the possibility of reverse causality. However, since exposure to copper is ubiquitous in developed countries through consumption of water supplied via copper pipes (Bierenbaum et al, 1973) , this association is of potential importance and justifies further investigation.
